We have studied the phase behavior of mixtures of cholesterol with dipalmitoyl phosphatidylcholine ͑DPPC͒, dimyristoyl phosphatidylcholine ͑DMPC͒, and dilauroyl phosphatidylethanolamine ͑DLPE͒, using x-ray diffraction techniques. Phosphatidylcholine ͑PC͒-cholesterol mixtures are found to exhibit a modulated phase for cholesterol concentrations around 15 mol % at temperatures below the chain melting transition. Lowering the relative humidity from 98% to 75% increases the temperature range over which it exists. An electron density map of this phase in DPPC-cholesterol mixtures, calculated from the x-ray diffraction data, shows bilayers with a periodic height modulation, as in the ripple phase observed in many PCs in between the main-and pretransitions. However, these two phases differ in many aspects, such as the dependence of the modulation wavelength on the cholesterol content and thermodynamic stability at reduced humidities. This modulated phase is found to be absent in DLPE-cholesterol mixtures. At higher cholesterol contents the gel phase does not occur in any of these three systems, and the fluid lamellar phase is observed down to the lowest temperature studied ͑5°C͒.
I. INTRODUCTION
Phospholipids and cholesterol are important constituents of plasma membranes ͓1͔. There is some evidence for the existence of cholesterol rich lipid domains, called rafts, in these membranes, which are suspected to play a vital role in many cellular events ͓2-5͔. Although a wide variety of phospholipids are present in cell membranes, the major ones are phosphatidylcholines ͑PC͒ and phosphatidylethanolamines ͑PE͒. Therefore, PC-cholesterol and PE-cholesterol mixtures are excellent model systems to study the effect of cholesterol on lipid membranes. There have been many studies on the thermotropic phase behavior of phospholipid-cholesterol mixtures using a variety of experimental techniques ͓6-14͔. Some of these studies surmise the coexistence of a cholesterol-rich ͑l o ͒ and a cholesterol-poor ͑l d ͒ phase in these bilayers above the chain melting transition of the lipid ͑T Ͼ T m ͒, at cholesterol concentrations ͑X c ͒ in the range 10-20 mol % ͓11,15,16͔. But other experimental techniques, such as x-ray diffraction and fluorescence microscopy, do not show any evidence of phase separation of two fluid phases in these binary systems ͓17͔. On the other hand, x-ray diffraction studies on dimyristoyl phosphatidylcholine ͑DMPC͒-cholesterol mixtures have indicated phase separation at high temperatures ͑Ͼ50°C͒ for 10Ͻ X c Ͻ 20, which is believed to arise from two different arrangements of cholesterol molecules in the bilayer ͓18͔. Studies on phospholipidcholesterol monolayers have also suggested the formation of complexes at specific stoichiometric ratios ͓19͔.
Dipalmitoyl phosphatidylcholine ͑DPPC͒ and DMPC exhibit the ripple ͑P ␤ Ј ͒ phase, characterized by a periodic height modulation of the bilayers, between the L ␣ and L ␤ Ј phases at high hydration. This phase is absent in PEs, and the L ␣ phase transforms directly into L ␤ on cooling. This difference in phase behavior is believed to arise from the existence of a nonzero chain-tilt in the gel phase of PCs. Incorporation of cholesterol into a PC bilayer modifies the ripple wavelength ͑͒. It is found from earlier freeze fracture studies on DMPC-cholesterol bilayers that increases with X c from ϳ200 Å at 0 mol % to ϳ500 Å at 20 mol % ͓20͔. The ripple phase is not observed for X c Ͼ 20 mol %. A similar trend has been observed in neutron scattering studies on DMPCcholesterol mixtures ͓21͔. In these studies, is also found to be strongly temperature dependent. We have recently reported a different kind of modulated phase ͑denoted as P ␤ ͒ in DPPC-cholesterol mixtures at 12.5ഛ X c ഛ 22 ͓22,23͔. This phase is distinct from the ripple ͑P ␤ Ј ͒ phase seen in these systems in between the main-and pretransition temperatures.
In this paper we present results of x-ray diffraction studies on oriented multilayers of binary mixtures of cholesterol with DPPC, DMPC, and dilauroyl phosphatidylethanolamine ͑DLPE͒. These lipids were chosen in order to study the influence of the chain length and the nature of the head group on the phase behavior of lipid-cholesterol mixtures. Partial phase diagrams of these systems have been constructed from the diffraction data at 98% and 75% relative humidity ͑RH͒. The phase behavior of DMPC-cholesterol bilayers is found to be very similar to that of DPPC-cholesterol mixtures. On the other hand, the behavior of the DLPE-cholesterol system is different in that it does not exhibit the modulated ͑P ␤ ͒ phase. We believe that this difference in the phase behavior is related to the fact that the hydrocarbon chains are not tilted with respect to the bilayer normal in the gel phase of DLPE.
were dissolved in chloroform. Typical total ͑lipid + cholesterol͒ concentration was ϳ5 mg/ ml. Fifteen DPPCcholesterol mixtures were prepared with X c ranging from 0 to 55 mol %. Eight DLPE-cholesterol and six DMPCcholesterol mixtures, with X c ranging from 0 to ϳ 30%, were also studied. The solution was deposited on a cylindrical glass substrate with a radius of curvature of ϳ15 mm. The area density of the lipid film was ϳ5 g mm −2 . The sample was kept for ϳ12 h inside an evacuated desiccator to remove traces of the solvent. It was then hydrated for a couple of days in a water-saturated atmosphere. This results in well-aligned multilayers of the phospholipid-cholesterol mixture. These hydrated samples were transferred to a sealed chamber with mylar windows for the experiments. The x-ray beam from a rotating anode generator ͑Rigaku UltraX18͒ operating at 50 kV and 80 mA was tangential to the cylindrical substrate, with the cylinder axis normal to the beam. The wavelength, selected using a flat graphite monochromator, was 1.54 Å. A beam size of ϳ1 mm was obtained at the sample using two pairs of slits. Sample temperature was controlled to an accuracy of ±0.1°C using a circulating water bath. Diffraction patterns were recorded on a 2D image plate detector of 180 mm diameter and 0.1 mm pixel size ͑Marresearch͒. The sample to detector distance was in the range 200-250 mm. All samples were first heated to a temperature much above the main transition temperature of the lipid and then cooled to 5°C in steps of 5°C. The diffraction patterns were recorded mainly during cooling from the L ␣ phase, but we also monitored the phase behavior during the initial heating of some of the samples. Relative humidity ͑RH͒ was kept fixed at 98± 2%, by keeping a reservoir of water in the sealed chamber. Data were also collected from some samples at a lower RH of 75%, which was achieved by using a saturated aqueous solution of sodium chloride instead of water. The sample temperature and the RH close to the sample were measured with a thermo-hygrometer ͑Testo 610͒ inserted into the chamber. Typical exposure time was ϳ1 h.
III. EXPERIMENTAL RESULTS
Small angle scattering techniques can in principle detect microscopic phase separation in the plane of bilayers, if there is sufficient contrast in the scattering densities of the two phases. However, even in the absence of such contrast, macroscopic phase separation can easily be detected from nonoverlapping reflections in the diffraction pattern coming from the individual phases. On the basis of the diffraction patterns we have determined partial phase diagrams of the three binary systems. Since we use oriented samples, the in-plane ordering of molecules can be easily inferred from the wide angle reflections. For example, in the gel phase of DPPC, we see two wide angle reflections, one on-axis ͑q z =0͒ and the other off-axis ͑q z 0͒, coming from the quasihexagonal lattice of hydrocarbon chains of the lipid molecules. The wide angle spot at q z 0 indicates that the molecules are tilted with respect to the bilayer normal and that the direction of the tilt is toward nearest neighbor ͓24͔.
A. DPPC-cholesterol
Phase diagrams of this system at 98% and 75% RH have been constructed from the diffraction data and are presented in Fig. 1 . The gel ͑L ␤ Ј ͒ phase was identified from the presence of sharp chain reflections in the wide angle region of the diffraction pattern ͓25͔, whereas the modulated ͑P ␤ ͒ phase was identified from the presence of "satellite" reflections in the small angle region ͓Figs. 2 and 3͑a͔͒. The latter phase is characterized by a rectangular unit cell, unlike the usual ripple ͑P ␤ Ј ͒ phase, occurring in between the pre-and main-transitions, which has an oblique unit cell ͓Fig. 3͑b͔͒. The transition temperatures of DPPC are in agreement with earlier reports ͓26͔. Two distinct wide angle reflections, one on-axis and the other off-axis, in the gel phase clearly show that the chains are tilted with respect to the layer normal, toward one of their nearest neighbors. Tilt angle can be measured from the positions of these two reflections and is found to be ϳ30°. Incorporation of 2.5 to 10 mol % cholesterol does not affect the main-and pretransitions significantly. The diffraction pattern of the ripple phase suggests an increase in the wavelength with cholesterol content, as found in earlier studies ͓7,20͔. For 2.5Ͻ X c Ͻ 12.5, below pretransition we observe two sets of reflections in the small angle region, indicating the coexistence of the gel and P ␤ phases ͓Fig. 4͑a͔͒. The coexistence of these two phases persists even at low temperatures down to 5°C. At X c = 12.5 mol % the P ␤ phase appears at ϳ31°C and continues down to 25°C. Below 25°C it coexists with L ␤ Ј . For 15Ͻ X c Ͻ 20, pretransition disappears and the P ␤ phase exists down to the lowest temperature studied ͑5°C͒. Increasing X c further leads to a fluid phase, often called the liquid ordered ͑l o ͒ phase in the literature ͓Fig. 4͑b͔͒. As can be seen from this figure the wide angle chain reflections get condensed along q z in the presence of cholesterol, due to the stretching of the chains. In addition, the spacing of these reflections also changes with X c . For example, it changes from 4.2 to 4.9 Å as X c is increased from 20 to 55 mol % at 25°C. The phase boundary between l o and P ␤ is detected at X c = 22 mol %. For X c ജ 50 mol % we obtain diffraction patterns with a large number of sharp reflections on initial heating of the sample. This structure melts into the l o phase at ϳ50°C on heating and is not seen on cooling down to 5°C. This structure was not probed in any detail in the present study. The diffraction data at 98% RH are summarized in Table I .
At 75% RH the P ␤ Ј phase is found to be absent, in agreement with earlier studies ͓25͔. On the other hand, the P ␤ phase is stabilized at this lower humidity and occurs over a wide range of temperature from 45°C to 5°C ͓Fig. 1͑b͔͒. The range of X c over which it is found is very similar to that at 98% RH, although the P ␤ -l o boundary is shifted to a slightly lower value of X c .
The modulation wavelength of the P ␤ phase is found to vary both with temperature and X c , as shown in Fig. 5 . At 5°C, ϳ 65 Å both at 98% and 75% RH. Although it increases significantly with temperature, it never reaches values comparable to the modulation wavelength of the P ␤ Ј phase, which is typically in the range 150-200 Å. decreases with X c , with the rate of decrease increasing considerably on approaching the P ␤ -l o phase boundary.
B. DMPC-cholesterol
The phase behavior of DMPC-cholesterol mixtures was found to be very similar to that of DPPC-cholesterol mixtures ͑Fig. 6͒. Distinct satellites from the P ␤ phase were not observed at 98% RH even at 5°C, but this phase could easily be identified from the smearing of the lamellar peaks along q Ќ . Good diffraction patterns of this phase were obtained in DPPC-cholesterol mixtures only at temperatures well below the pretransition. The fact that the pretransition temperature of DMPC is much lower ͑ϳ13°C͒ than that of DPPC ͑ϳ33°C͒ might explain the difficulty in obtaining good diffraction patterns of this phase in DMPC-cholesterol mixtures. The coexistence of P ␤ and gel phases is observed at intermediate cholesterol concentrations as in DPPCcholesterol mixtures. Distinct satellites from P ␤ phase are observed in the diffraction pattern at 75% RH, when the chain melting transition of the lipid occurs at a much higher temperature ͓25͔. Further, as in DPPC-cholesterol mixtures, this phase is stable over a much larger temperature range at the lower humidity.
C. DLPE-cholesterol
The main transition of DLPE occurs at around 30°C. A typical diffraction pattern of the gel phase is shown in Fig. 7 .
The wide angle reflection at q z = 0 indicates that there is no tilt of the hydrocarbon chains with respect to the bilayer normal. Incorporation of cholesterol into DLPE bilayers facilitates the formation of a highly ordered phase ͑Fig. 8͒, which transforms at around 45°C into the L ␣ phase. On cooling, the L ␣ phase continues down to 30°C, at which temperature the L ␤ is formed. We do not observe the highly ordered phase on cooling, even at the lowest temperature studied ͑5°C͒. However, it is formed on incubating the sample at this temperature for a few hours; the presence of cholesterol seems to make this transformation much faster, as reported earlier by McMullen et al. ͓27͔ .
In the 5 mol % cholesterol mixture we observe two sets of lamellar reflections; one of them has spacing comparable to that of the gel phase, and the other one is similar to cholesterol-rich l o phase. This observation is in agreement with the previous report by Takahashi et al. ͓28͔ . For X c ജ 10 mol %, we observe only the l o phase throughout the temperature range studied. The spacings of the different phases in DLPE-cholesterol mixtures are given in Table II , and the partial phase diagram deduced from the diffraction data is shown in Fig. 9 .
IV. ELECTRON DENSITY MAP OF THE P ␤ PHASE
It is clear from the diffraction patterns that the P ␤ phase has a simple rectangular unit cell. The bilayers in this phase, therefore, must have a periodic modulation. We take this to be a height modulation, as in the ripple ͑P ␤ Ј ͒ phase. We rule out a thickness modulation of the bilayers, since packing considerations in such a case can be expected to favor a centered rectangular unit cell.
The electron density can be calculated from the diffraction data, once the phases of the different reflections are known. Since the structure is taken to be centrosymmetric, the phases are either 0 or , and were determined using a modeling procedure used earlier for the P ␤ Ј phase ͓29,30͔. The electron density within the unit cell ͑r͒ can be described as the convolution of a contour function C͑x , z͒ and a transbilayer profile T͑x , z͒, i.e., ͑r͒ = C͑x , z͒ T͑x , z͒. C͑x , z͒ = ␦͓z − u͑x͔͒, where u͑x͒ describes the bilayer height profile. The calculated structure factors F c are the Fourier transform F͑q ជ͒ of ͑r͒ sampled at the reciprocal lattice points. From the convolution theorem it follows that F͑q ជ͒ is given by
where F C ͑q ជ͒ and F T ͑q ជ͒ are the Fourier transforms of C͑x , z͒ and T͑x , z͒, respectively. u͑x͒ is assumed to have a triangular shape, given by where A and are the amplitude and the wavelength of the modulation, respectively.
T͑x , z͒ consists of three ␦ functions, two with positive amplitude ͑ H ͒ corresponding to the head group regions at the surfaces of the bilayer and one with negative amplitude ͑ M ͒ corresponding to the methyl group region at the center of the bilayer. It is given by
z o is the position of the head group with respect to the center of the bilayer.
Fourier transforming this expression, we get
We also used a model, where the three ␦ functions were replaced with Gaussians. In the Gaussian model, F T ͑q ជ͒ can be written as
where h and m are the widths of the Gaussians corresponding to head group and terminal methyl group regions, respectively. We have also considered a model with five ␦ functions, the two additional ones of amplitude C taking into account the secondary maxima in the electron density due to cholesterol ͓17͔. The observed structure factor magnitudes ͉͑F o hk ͉͒ were obtained from the integrated intensity calculated from the diffraction data ͉͑F o hk ͉ = ͱ I hk ͒. Geometric corrections to the observed intensities, relevant to the present experimental geometry, are discussed in Ref. ͓30͔ . We have not applied absorption corrections to the observed intensities as it is difficult to measure the thickness of the sample precisely. We have found from earlier studies on the P ␤ Ј phase that these corrections do not affect the electron density maps significantly ͓30͔. We would expect a similar situation in the present case, too.
Parameters in these models, such as H , M , C , and the bilayer thickness, were determined by fitting the calculated structure factors with the observed ones. This was done by using the standard Levenberg Marquardt technique for nonlinear least squares fitting ͓31͔. Phases obtained from the three ␦ function and five ␦ function models are the same for all strong reflections, but phases of a few weak reflections do change with the starting values of the material parameters. But a model with five Gaussians could not be used, since the model parameters did not converge, probably due to the large number of parameters in it. Structure factors obtained from the fit and from the diffraction data are given in Table III .
Converged values of the model parameters are given in Table  IV . The calculated phases ͑⌽ hk ͒ were combined with the observed magnitudes and inverse Fourier transformed to get the two-dimensional electron density map, shown in Fig. 10 We have also constructed a one-dimensional electron density profile of the l o phase using the three and the five ␦ function models, as well as the three Gaussian model. Phases obtained from all the models are the same, except for those of a few weak reflections, but, as would be expected, the Gaussian model gives a better fit to the experimental data, compared to the other two. The trans-bilayer electron density profiles of DPPC and DLPE mixtures in the l o phase, obtained using the three Gaussian model, are presented in Figs. 11͑a͒ and 11͑b͒. The observed and calculated structure factors are given in Table V . The electron density profiles calculated using the phases obtained from the other two models are very similar to those shown in Figs. 11͑a͒ and 11͑b͒ . Therefore, the phases of some of the weak reflections, which depend on the model used, are uncertain.
V. DISCUSSIONS
The results presented above show that the modulated ͑P ␤ ͒ phase differs in many ways from the ripple ͑P ␤ Ј ͒ phase. First of all, P ␤ Ј is well known to occur only at very high RH, close to 100%. In contrast, P ␤ occurs even at 75% RH. Secondly, the variation of the modulation wavelength ͑͒ with cholesterol content shows opposite trends in the two phases.
In the P ␤ Ј phase increases with X c and seems to diverge near X c ϳ 20 mol % ͓20͔. On the other hand, in the P ␤ phase it decreases with X c and tends to zero at a similar concentration ͑Fig. 5͒. These differences confirm our earlier claim ͓22͔ that these two phases are distinct. However, we have not been able to determine the distribution of cholesterol in the P ␤ phase bilayers. The electron density map ͑Fig. 10͒ suggests that these bilayers have a rather small height modulation, with an amplitude of ϳ2 Å, which is about five times smaller than that seen typically in the P ␤ Ј phase. This map also suggests that the cholesterol concentration within the bilayer alternates periodically between the two monolayers making up a bilayer. Such a distribution of cholesterol would make the bilayer locally asymmetric and can in principle lead to a local curvature of the bilayer. This can explain the observed small amplitude periodic height modulation of the bilayer. However, as we have diffraction data over a very limited q-range, we cannot presently rule out the possibility that this short length scale modulation in the cholesterol concentration is an artifact of the Fourier reconstruction of the electron density.
If the basic structural feature of the P ␤ phase is an inplane modulation in the cholesterol concentration, instead of a height modulation as assumed in the electron density model, one would expect the ͑0,k͒ reflections to be very prominent, since they correspond to variations in the electron density, projected onto the plane of the bilayer. We have carried out experiments to check this possibility, by aligning the bilayers normal to the x-ray beam. Although we were able to observe a diffuse wide angle peak from the chains, no peaks were seen in the small angle region corresponding to the ͑0,k͒ reflections. This result rules out a structure similar to that of a stripe phase with strong in-plane modulation of cholesterol concentration. On the other hand, this observation is consistent with the structure inferred from the electron Table III , using the phases obtained with the five ␦-function model.
The solid ͑dotted͒ contours correspond to the electron rich ͑poor͒ regions of the bilayer. H, W, and C denote the head group, water, and chain regions of the bilayer. CH denotes the electron-rich band in the bilayer due to the presence of cholesterol. X c =15 mol %, T =6°C, RH=98%, d = 66.3 Å, and = 60.7 Å. density map, since the intensity of the ͑0,1͒ reflection calculated from the model for the values of the parameter obtained from the fit is a few orders of magnitude smaller than that of the ͑1,0͒ reflection.
The P ␤ phase in DPPC-cholesterol mixtures has not been identified in earlier studies. The very small amplitude of the bilayer height modulations must be the reason for its not being seen in freeze fracture electron microscopy studies ͓20͔. However, the coexistence of two lamellar phases has been reported in this system over a range of cholesterol concentration, similar to that over which the gel-P ␤ coexistence is seen in the present study ͓32͔. It was also reported that the phase coexisting with the gel phase had a higher lamellar spacing, as seen in the present study. In Ref.
͓32͔ it was suggested that this increase in d might be the consequence of a decrease in the attractive van der Waals interaction between the bilayers on incorporating cholesterol. However, the fact that the l o phase with much higher X c has a smaller d does not support this conjecture. Therefore, it is likely that this increase in d arises from an increase in the steric repulsion between the bilayers resulting from thermal undulations of the bilayers ͓33͔. Indeed some recent studies have indicated a softening of the bilayers at comparable cholesterol concentrations ͓14͔, which can account for the enhanced thermal undulations. Our preliminary optical microscopy studies on giant unilamellar vesicles made up of these mixtures also show significant thermal shape fluctuations at small values of X c , revealing an unexpected softening of the bilayers. More quantitative measurements are necessary to confirm this possibility.
The phase behavior of DMPC-cholesterol mixtures is very similar to that of DPPC-cholesterol mixtures. This is not surprising since the phase behaviors of the two lipids themselves are very similar. On the other hand, it is interesting that DLPE-cholesterol mixtures do not exhibit the P ␤ phase. This difference is most probably related to the fact that the chains are not tilted in the gel phase of DLPE. It is a rather well-established fact that the P ␤ Ј phase occurs only in lipids that exhibit a nonzero chain tilt in the gel phase. Our results indicate that the formation of the P ␤ phase too is confined to similar lipids. However, studies on other lipid-cholesterol mixtures are necessary to confirm this possibility.
As mentioned in the Introduction, many spectroscopy studies have indicated the coexistence of two fluid phases in binary lipid-cholesterol mixtures at temperatures above the chain melting transition of the lipid. These two phases have been referred to as the liquid ordered ͑l o ͒ and the liquid disordered ͑l d ͒ phases and occur over a composition range corresponding to ϳ10Ͻ X c Ͻ ϳ 20 mol %. However, such a phase separation has not been observed in any of the diffraction studies on these mixtures reported in the literature. We also do not see any indication of phase separation in this temperature and composition range. This difference might arise from the fact that spectroscopy techniques are sensitive to local environment of the molecules, whereas the scattering experiments probe the structure at a much longer length scale. It is possible that randomly dispersed microscopic domains with different chain conformation are present in the FIG. 11 . The transbilayer electron density profile in the l o phase of ͑a͒ DLPE at 30 mol % cholesterol ͑T =6°C, RH=98%͒ and ͑b͒ DPPC at 50 mol % cholesterol ͑T =24°C,RH=98%͒, calculated from the data given in Table V . Peaks near ±20 Å and the trough at the center correspond to the head groups and terminal methyl groups of hydrocarbon chains, respectively. Peaks near ±10 Å are due to the presence of cholesterol. bilayers, without leading to a macroscopic phase separation. The condensed wide angle reflection in the l o phase shows that the hydrocarbon chains of the lipid molecules are stretched by the intercalated cholesterol molecules. The presence of a larger number of lamellar reflections in this phase can be understood in terms of the higher rigidity of the bilayers in the presence of cholesterol ͓34͔. The intensity profiles of the wide angle chain reflections of DLPE at T = 20°C for a few cholesterol concentrations are plotted in Fig. 12 . The wide angle peak is initially sharp in the gel phase, but gets gradually broader as the cholesterol content is increased, indicating that the correlation length of chain ordering decreases gradually with X c at temperatures below the chain melting transition. A similar trend has been found in the case of DPPC-cholesterol mixtures ͓22͔. It is interesting to note that the L ␤ phase of DLPE can accommodate about 10 mol % of cholesterol, whereas the L ␤ Ј phase of DPPC and DMPC can incorporate only about 2 mol % of cholesterol. This difference might be related to the fact that the PCcholesterol mixtures exhibit the P ␤ phase, which has no chain tilt as in the L ␤ phase of DLPE.
VI. CONCLUSION
We have systematically studied the phase behavior of binary mixtures of cholesterol with DPPC, DMPC, and DLPE. A modulated phase is found in PC-cholesterol mixtures at intermediate cholesterol concentrations, whose structure is somewhat similar to that of the ripple phase seen in some PCs in between the main-and pretransitions. These two phases, however, differ in the dependence of their structural parameters on cholesterol concentration and relative humidity. This phase is absent in DLPE-cholesterol mixtures. At higher cholesterol concentrations all the three systems exhibit a fluid lamellar phase, with a higher degree of chain ordering compared to the L ␣ phase of the pure lipids.
